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Speech perceptionThe extent to which the phonetic system of a second language is mastered varies across individuals. The pre-
sent study evaluates the pattern of individual differences in late bilinguals across different phonological pro-
cesses. Fifty-five late Dutch-English bilinguals were tested on their ability to perceive a difficult L2 speech
contrast (the English /æ/-/ε/ contrast) in three different tasks: A categorization task, a word identification
task and a lexical decision task. As a group, L2 listeners were less accurate than native listeners. However,
at the individual level, almost half of the L2 listeners scored within the native range in the categorization
task whereas a small percentage scored within the native range in the identification and lexical decision
tasks. These results show that L2 listeners' performance crucially depends on the nature of the task, with
higher L2 listener accuracy on an acoustic-phonetic analysis task than on tasks involving lexical processes.
These findings parallel previous results for early bilinguals, where the pattern of performance was consistent
with the processing hierarchy proposed by different models of speech perception. The results indicate that
the analysis of patterns of non-native performance can provide important insights concerning the architec-
ture of the speech perception system and the issue of language learnability.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
A general observation about learning a second language (L2) is
that the later a language is learned, the poorer the final proficiency
attained (DeKeyser, 2000; Flege, Yeni-Komshian, & Liu, 1999; Johnson
& Newport, 1989;Weber-Fox & Neville, 1996). Although this is true of
most learners, some individuals fall outside this general tendency
(Bongaerts, 1999; Rossi, Gugler, Friederici, & Hahne, 2006). Certainly,
some late L2 learners demonstrate excellent performance while some
early learners are particularly impervious to experience. One of the
language domains where these individual differences are most evi-
dent is phonology. Within phonology, however, there are distinguish-
able processes (Pisoni & Luce, 1987), whichmay not be equally easy to
master. For example, recognizing speech sounds requires a different
skill than recognizing words containing these sounds, and L2 learners
who are proficient at the former may not necessarily be proficient at
the latter. Thus, different perceptual tasks that are meant to measure
phonological processingmight show very different outcomes depending
on which phonological process they tap into. This might affect the out-
come of any study interested in speech sound perception.echnical support.
: +49 3419940104.
rights reserved.Sebastián-Gallés and Baus (2005) demonstrated that highly profi-
cient early bilinguals differed in their mastery of the L2 phonology
and that such individual variability was reflected in the pattern of
performance across phonological processes (i.e., categorization of iso-
lated vowels, identification of vowels within words, detection of
vowel mispronunciations within words). More bilinguals were able
to perform within the limits of native listener performance on a pho-
nological categorization task than on tasks tapping into processes of
lexical access and selection. These results demonstrate the existence
of distinguishable phonological processes (Pisoni & Luce, 1987) also
in non-native listeners. However, the bilinguals tested in Sebastián-
Gallés and Baus (2005) had acquired the second language early in
life and were highly proficient. A question that remains open is
whether late (and less proficient) bilinguals may show different pat-
terns of individual differences than were observed in early bilinguals.
It may be the case that late bilinguals' non-native phonological pro-
cesses are less efficient. If so, the patterns reported by Sebastián-
Gallés and Baus (2005) reflecting different degrees of difficulties in
the processes of lexical access must not be observed in late bilinguals.
In the present study, we address the question of whether the same
pattern of individual differences in L2 phonetic mastery is found in
late bilinguals. This question is approached by evaluating L2 phono-
logical processes of late bilinguals across similar domains as tested
by Sebastián-Gallés and Baus (2005), ranging from acoustic-
phonetic analysis to lexical access. The results of this study will
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lying non-native language learning, as well as help to characterize in-
dividual differences.
Language-specific phonological representations are very rapidly
established in early development. Infants develop perceptual sensi-
tivities to the phonemes of the native language before the end of
the first year of life (Kuhl, Williams, Lacerda, Stevens, & Lindblom,
1992; Werker & Tees, 1984). At the same time, the capacity to per-
ceive many non-native phoneme contrasts also declines in this period
(Werker & Tees, 1984; Kuhl et al., 1992; Polka & Werker, 1994; Bosch
& Sebastián-Gallés, 2003; Sebastián-Gallés & Bosch, 2009; Albareda-
Castellot, Pons, & Sebastián-Gallés, 2011; for exceptions to this pat-
tern see Best, McRoberts, & Sithole, 1988; Best, McRoberts, LaFleur,
& Silver-Isenstadt, 1995; Best & McRoberts, 2003). This age effect on
the acquisition of the phonology, as well as syntax, of an L2 has been
claimed to stem from a reduction in brain plasticity during develop-
ment (Johnson & Newport, 1989; Pulvermüller & Schumann, 1994).
However, even bilingualswho acquired the L2 early in life still experience
difficulties in the perception of some L2 phonetic contrasts (Caramazza,
Yeni-Komshian, Zurif, & Carbone, 1973; Pallier, Bosch, & Sebastián-Gallés,
1997; Pallier, Colomé, & Sebastián-Gallés, 2001; Sebastián-Gallés,
Echeverria, & Bosch, 2005; Sebastián-Gallés, Rodríguez-Fornells, de
Diego-Balaguer, & Díaz, 2006; Williams, 1980).
Nevertheless, studies on L2 phonetic learning have shown that not
all L2 phonemes are equally difficult to learn (Best, 1995; Best,
McRoberts, & Sithole, 1988; Flege, 1995). The ease or difficulty of learn-
ing new speech sounds is determined by the relation between the
established L1 categories and the new L2 categories. For instance, the
learning of an L2 phonetic contrast is especially difficult when both ele-
ments of the contrasts are assimilated to the same L1 category (e.g., the
English /r/-/l/ speech contrast maps onto the Japanese category /l/).
Another relevant factor that should be considered when assessing
L2 phonetic command is the type of L2 phonological process involved
in the experimental task. Sebastián-Gallés and Baus (2005) assessed
the learning of a difficult L2 contrast in a large population of very early
and highly proficient Spanish-Catalan bilinguals. The participants were
raised in monolingual Spanish families, thus Spanish was their only
language in infancy and early childhood. From the age of four (at the
latest), they were continuously exposed to Catalan. For this population,
previous studies showed that the L2 Catalan-specific contrast /ε/-/e/ is
very difficult to master (Bosch, Costa, & Sebastián-Gallés, 2000; Pallier
et al., 1997; Sebastián-Gallés & Soto-Faraco, 1999; Sebastián-Gallés et
al., 2005, 2006). Participants in the study by Sebastián-Gallés and Baus
(2005) were compared across three different L2 auditory tasks involv-
ing the Catalan contrast /ε/-/e/: a categorization task, a gating task and
a lexical decision task. Each taskwas intended to assess different phono-
logical processes. First, acoustic-phonetic analyses were evaluated by
means of a categorization task. Second, a modification of the gating
task with a two-forced-choice between a minimal pair visually pres-
ented was used to assess the time course of lexical activation. Finally,
a lexical decision taskwas conducted tomeasure the degree of phonetic
detail encoded during lexical access. When compared with the perfor-
mance of a group of native Catalan listeners, the degree of early bilin-
guals' proficiency gradually decreased across tasks. The results of the
categorization task showed that a high percentage of participants
(68.3%) were able to categorize the stimuli within the range of natives.
In the gating task, a lower percentage of participants (46.6%) were able
to choose the correct response on the basis of the same amount of pho-
netic information that the Catalan natives required to choose the correct
response. Finally, only a few participants (18.3%) showed a native-like
level of performance in the lexical decision task.
Taken together, these results suggest that the choice of a particular
task substantially modulates the results of any study on non-native
phonetic mastery. With regards to individual differences in Sebastián-
Gallés and Baus (2005) study, 23% of the participants scored below
native level in all three tasks while a small minority of the participants(12%) performed consistently within the native range in all three
tasks (the rest of the participants fell within the range of natives for
some, but not all, tasks).
Interestingly, these individual differences in the mastery of the L2
phonology mirrored the discrimination accuracy of native phonemes.
Díaz, Baus, Escera, Costa, and Sebastián-Gallés (2008) compared the
Mismatch Negativity (MMN), an electrophysiological brain response,
of two groups of bilinguals, selected from the participants in the study
by Sebastián-Gallés and Baus (2005), who performed either below or
at native-like levels on all three L2 behavioral tasks. Therefore, only
participants representing extreme cases of non-native speech percep-
tion abilities were selected. The two groups differed in their brain re-
sponses to an unknown foreign speech contrast and also to a native
phonetic contrast, while no differences between the groups were found
in the discrimination of tones that varied in several basic acoustic param-
eters (i.e., frequency, duration, and order of presentation). Themore pro-
ficient group had larger MMNs than the less proficient group, indicating
more precise phoneme representations in both the first and the un-
known language. This result highlights the relevance of exploring indi-
vidual differences in L2 for a better comprehension of general language
mechanisms.
As mentioned, the population studied by Sebastián-Gallés and
Baus (2005) and Díaz et al. (2008) consisted of early bilinguals who
were exposed to the second language very early in life (and very in-
tensively). It remains to be determined whether the same pattern of
individual differences in L2 phonetic mastery is found in late and less
proficient bilinguals. To address this issue, we tested 55 Dutch listeners
who learned a second language, English, and achieved high levels of
proficiency while growing up in a monolingual Dutch environment.
All participants started to learn the L2, English, at the age of 11–
12 years and had comparable English education and experience back-
grounds. Note that “perfect” acquisition of L2 phonology is already com-
promised as early as 4 (Pallier et al., 1997) or 7 years of age (Caramazza
et al., 1973); hence, in terms of phonological learning, the present sam-
ple of participants can be labeled as late bilinguals.
These late bilinguals were evaluated in their phonological process-
ing of the English /æ/-/ε/ vowel contrast. Previous studies have shown
that Dutch native listeners experience significant difficulties in dis-
tinguishing this contrast in phonetic categorization and identification
studies (Broersma, 2005a; Cutler, Weber, Smits, & Cooper, 2004;
Schouten, 1975) as well as word recognition studies (Broersma &
Cutler, 2011; Cutler & Broersma, 2005; Weber & Cutler, 2004). Partici-
pants were tested in three behavioral tasks involving the critical English
/æ/-/ε/ contrast: a phoneme categorization task, a lexical decision task,
and a word identification task. Sebastián-Gallés and Baus (2005) used a
categorization task, a gating task, and a lexical decision task to explore
distinct phonological processes. The present study also includes a cate-
gorization and a lexical decision task. However, the gating task is rep-
laced by a word identification task. The word identification task, as
the gating, measures phonological representations in lexical forms by
asking participants to match a spoken word between two orthographi-
cally presented words that form a minimal pair (words that differ in
only one phoneme). However, in the gating task, participants are pres-
ented sequentially with segments of the critical word that increase in
duration. In contrast, the word identification task presents the critical
word only one time, which can potentially increase the difficulty of
the task.
The categorization taskwas intended to assess acoustic-phonological
analysis of the difficult L2 phonetic contrast. The English /æ/ and /ε/
vowels differ in spectral and temporal dimensions, and both dimensions
are exploited by native English listeners for distinguishing English vowels
(Cebrian, 2006; Flege, Bohn, & Jang, 1997). In addition, previous evidence
has shown that Dutch listeners are able to exploit English vowel duration
as a cue for final fricative voicing (Broersma, 2008, 2010). Whether
Dutch-English late bilinguals also use spectral and temporal information
for vowel categorizationwill be assessed by experimentallymanipulating
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7-step continuum of seven synthesized vowels was created ranging
from /æ/ to /ε/. In addition, for each stimulus, two instanceswere created
with the prototypical duration of either /æ/ or /ε/. Stimuli were pres-
ented one at a time as participants categorized them as belonging to
either /æ/ or /ε/ categories.
The lexical decision and the word identification tasks evaluated
the extent to which the phonetic parameters that distinguish /æ/
and /ε/ are used in lexical access and selection. In the lexical decision
task, participants were presented with words containing either /æ/ or
/ε/. Non-words were created by replacing the critical English vowel by
its counterpart (e.g. æ-word: lamp, æ-non-word: lemp). Participants
had to decide if the stimulus was an existing English word or not. In
the word identification task, English minimal pairs were presented.
Each minimal pair differed in the critical English contrast /æ/-/ε/
(e.g. æ-word: cattle, ε-word: kettle). Words were presented in neutral
carrier sentences realized by a native English speaker (i.e., “Now I
say…”). Each sentence presentation was accompanied by two pictures
representing the twowords that comprised theminimal pair (e.g., a pic-
ture of 'cattle' and one of a 'kettle'). Participants were asked to indicate
which picturematched theword they heard. To determine native perfor-
mance level, a group of English native listeners was also tested. Based on
their scores, appropriate thresholds were established for each task.
Overall performance of Dutch participants was expected to be less
accurate than that of native English listeners in the three tasks. More-
over, based on the previous work of Sebastián-Gallés and Baus (2005),
a decline in Dutch participants’ performance was expected as lexical
processes become necessary in task performance. That is, Dutch partic-
ipants should be more proficient in the categorization task than in the
lexical decision and word identification tasks. Crucially, we assessed in-
dividual variability by evaluating the distribution of L2 listeners’ perfor-
mance patterns over the three experimental tasks.
2. Methods
2.1. Participants
Fifty-five native speakers of Dutch (42 females; age=21.16, sd=
2.47) and twelve native speakers of English (7 females; age=28.25,
sd=3.76) took part in the experiment. Dutch participants were rec-
ruited from the Max Planck Institute participant pool and were fluent
speakers of English. All participants had received at least 5 years
(mean=7, sd=2.0) of English instruction in primary and secondary
education, starting, on average, when theywere 11 year-olds (sd=1.01).
All except four of the Dutch native speakers had lived in the Netherlands
all their lives (two participants had lived in Canada for four and eight
months, respectively, and the other two had spent six months and
1 year, respectively, in South Africa). Dutch participantswere university
students at the undergraduate or graduate level. Participants self-
reported that theywere highly proficient in English (students attending
Dutch universities follow lectures in English). They were paid for their
participation. None of them reported having any hearing or language-
learning difficulty.
In addition, twelve native British English speakers participated in
the study (given the reduced variability in native performance in
these types of experimental situations, it is general practice to test a
reduced number of native participants: Munro, Flege, & MacKay, 1996;
Flege, MacKay, & Meador, 1999; Sebastián-Gallés & Baus, 2005). All
British English listeners were graduate or undergraduate students. Four
English speakers were exchange students at the Radboud University
Nijmegen. They reported a low or non-existing knowledge of Dutch.
They were paid for their participation. The other eight native English
speakers performed an online version of the three tasks posted on the
Max Planck Institute for Psycholinguistics web site. None of them had
any knowledge of Dutch. Out of these eight participants, four were ex-
change students at the University of Barcelona. They were also paidfor their participation. The other four native English speakers were rec-
ruited fromdifferent UK universities. Theywere all in the UK at the time
of testing and no financial compensation was given for their participa-
tion in the study.
2.2. Stimuli
In all the tasks speech stimuli were presented. Amale British English
speaker recorded the (models of the) materials for the categorization
(Task 1), the lexical decision (Task 2), and the word identification
(Task 3) tasks.
2.2.1. Task 1: categorization task
For the categorization task, seven synthesized vowels along the /ε/ -
/æ/ continuumwere created using the source-filter synthesismodule of
the PRAAT software (Boersma, 2001). The two endpoint stimuli of the
continuum (s1 = /ε/ and s7 = /æ/) were created based on the formant
frequencies measured in the native British English speaker.
The two endpoints of the continuum differed in F1 and F2 (/ε/:
F1=600 Hz, F2=1800 Hz; /æ/: F1=740 Hz, F2=1630 Hz) while
the other formants were identical (F3=2750 Hz, F4=3400 Hz and
F5=4500 Hz). From the endpoint stimuli, five stimuli were created
by varying F1 and F2 in steps of 23.33 Hz and 28.33 Hz, respectively.
In addition, the English vowels /ε/ and /æ/ are also different in dura-
tion. As duration is a contrastive feature in the Dutch phonetic system,
the continuum stimuli were susceptible to being categorized based on
duration cues. For that reason, two tokens of each synthesized stimulus
were created. Each stimulus had one token with the duration of /ε/
(115 ms) and one with the duration of /æ/ (165 ms) as measured in
the native English speaker productions.
2.2.2. Task 2: lexical decision task
Similar to in Sebastián-Gallés and Baus (2005) and Sebastián-
Gallés et al. (2005), a lexical decision task was employed. This task
was a direct replication of the lexical decision experiment reported
in Broersma and Cutler (2008, 2011). Sixteen monosyllabic English
words containing the vowel /ε/ and sixteen monosyllabic English
words containing the vowel /æ/ were selected. Logarithmic lemma fre-
quencies per million of the experimental words were calculated with
the CELEX lexical database of British English (Baayen, Piepenbrock, &
Gulikers, 1995). No frequency differences were observed between æ-
words (2.10) and ε-words (2.00) (t(15)b1). For each word, a list of non-
words was created by exchanging the vowels /æ/ and /ε/. For instance,
from the ε-word “desk” the corresponding non-word “dask”was created,
and from the æ-word “lamp” the corresponding non-word “lemp” was
created. The former were labeled ε-type stimuli (i.e., ε-word: desk,
ε-non-word: dask) and the latter æ-type stimuli (i.e., æ-word: lamp,
æ-non-word: lemp). In addition, 84 English words and 84 non-words,
all monosyllabic, were selected as filler items. Filler non-words were
created by replacing either a vowel or thefinal consonant of real English
wordswithout violating the phonotactic constraints of English. Replace-
mentsmade for thefiller non-wordswere expected to be relatively easy
for Dutch listeners to perceive, as they involved phoneme contrasts that
are also present in the Dutch phonology. None of the stimuli were
homophonous to any existing Dutch words (for more details, see
Broersma & Cutler, 2011).
Two stimulus lists containing the same number of experimental
words and non-words of each vowel type were constructed in such
a way that any word and its corresponding non-word counterpart
did not appear in the same list. In addition, both lists included all filler
words and non-words. In total, each list was made up of 100 words
and 100 non-words. The materials were recorded by the British English
speaker while he read the items one by one, separated by a pause, in
a clear citation style. The recording was made in a soundproof booth
using a high quality microphone onto digital audiotape and down-
sampled to 16 kHz during transfer to a computer.
Fig. 1. Log odds of mean “æ” responses for each of the 7-step stimuli in the /ε/-/æ/ con-
tinuum for Dutch and English listener groups separately for each duration type. Higher
log odds indicate more “æ” responses. Bars depict standard error.
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For the word identification task, 51 English minimal pairs were
selected. Each pair of words differed in the vocalic contrast /ε/-/æ/
(for instance, kettle /kεt l/ and cattle /kæt l/). Logarithmic lemma fre-
quencies per million of the experimental words were calculated with
the CELEX lexical database of British English (Baayen et al., 1995). No
frequency differences were observed between the words containing
/æ/ (1.16) and /ε/ (1.44) (t(50)=1.44, p>0.05).Words were spoken by
the male native English speaker in the neutral carrier sentence “Now
I say…”. The speaker read the carrier sentences with the experimental
words one by one, separated by a pause, in a clear citation style. The re-
cordingwasmade in a soundproof booth using a high quality Sennheiser
microphone, recorded onto a computer at a 44.1 kHz sampling rate. In
addition to the auditory utterances, one picture of each word was se-
lected. To ensure that the pictures were correctly identified, the printed
word was added to the picture file below the original picture.
2.3. Procedure
All participants first performed the lexical decision task, then the
word identification task, and finally the categorization task, in a single
test session. This order was fixed for all participants to prevent them
from being aware of the experimental phonetic contrast manipulated
in the lexical decision task. However we report the procedures and re-
sults in ascending order of difficulty and lexical involvement, for ease of
discussion, i.e. we address the categorization task first, followed by the
lexical decision task, and then the word identification task. Dutch par-
ticipants were tested one at a time in a sound-attenuated booth at the
MaxPlanck Institute for Psycholinguistics (Nijmegen, TheNetherlands).
Theywere seated facing amonitor and a response boxwith two buttons.
All tasks were controlled with NESU (Nijmegen Experiment Set-Up)
experimental software. In all three tasks, participants received written
instructions in their native language. Stimuliwere presented binaurally
over closed headphones at a comfortable listening level. The four
native English participants recruited in the Netherlands were tested
in the same controlled testing conditions. The eight English speakers
who participated in the online version of the experiment performed
the task in their own homes. Before participating, they were informed
about the auditory nature of the study. They were explicitly asked to
perform the tasks in a quiet environment without any potential dis-
tractors. In addition, they were asked to set the volume of their own
computers at a comfortable level and to use headphones.
2.3.1. Task 1: categorization task
For the categorization task, participants were instructed to press
the left button when hearing a vowel similar to the one contained
in the English word “Ed”, and the right button when hearing a vowel
similar to the one in the English word “ad”. Instructions stressed both
accuracy and speed of responses. The task beganwith 14 practice trials,
one for each stimulus, presented in random order. Each practice and
experimental trial started with the presentation of an asterisk in the
center of the screen for 500 ms, directly after which the stimulus was
played. Participants had 2 seconds to respond before the next trial
began. Fifty-five different listswere created. Each list included 12 blocks,
and each block presented the 14 synthesized stimuli in semi-random
order. The randomization prevented the same stimulus from being
presented twice in succession. Participants could rest after every 35
trials, when a pause message was presented on the screen. The task
resumed when participants pressed a response button.
2.3.2. Task 2: lexical decision task
For the lexical decision task, participants were asked, by means
of written instructions, to press a green response button with their
dominant hand when they heard an English word, and a red button
with their non-dominant hand when they heard a non-word. Partici-
pants were asked to respond as quickly and as accurately as possible.The task started with ten practice trials. Items were presented in a
semi-random order, with the restriction that at least three filler items
appeared between two experimental items. No time limit was imposed
for the responses. The next item was presented 350 ms after each but-
ton press. Half of the participants were tested with one of the lists and
the other half with the other.
2.3.3. Task 3: word identification task
Before the word identification task began, participants read the in-
structions. The task consisted of two blocks separated by a pause. The
102 words were randomly assigned to the blocks with the constraint
that only one of the counterparts of each minimal pair was presented
in a given block of 51 stimuli. The presentation of the two blocks was
randomized. In total, 50 different lists were constructed.
Each trial startedwith the simultaneous presentation of two pictures
(and their orthographical form) each referring to one counterpart of a
minimal /æ/-/ε/ pair. After 450 ms, the English sentence was played.
Participants had 3 seconds to respond before the next trial started. Par-
ticipants were asked to push the button corresponding to the spatial
location of the matching picture on the screen (either left or right).
3. Results
3.1. Task 1: categorization task
As participants' responses for the categorization task on each trial
were discrete (i.e. either “ε” or “æ” responses), a log odds ratio trans-
form1 was applied on the average proportion of “æ” responses for
each participant (Dixon, 2008; Jaeger, 2008). Higher log odds indicate
more “æ” responses. The log odds were submitted to a repeated mea-
sures ANOVA, with the within-participants factors “Step” (each of the 7
continuum steps), “Duration” (ε-type and æ-type) and the between-
participants factor “Language group” (Dutch and English). As displayed
in Fig. 1, there was a main effect of groups of participants (F(1,65)=
24.71; pb0.001), with the Dutch listeners overall giving −0.17 /ε/-
responses and native listeners −0.84. There was also the expected
effect of “Step” (F(6,390)=112.91; pb0.001), with more /ε/-responses
the more /ε/-like the stimulus. Crucially, the “Language group” and
“Step” factors interacted significantly (F(6,390)=21.62; pb0.001). This
reflects the steeper categorization slopes for the English than for the
Dutch listeners. T-tests comparing the two language groups for each
continuum step revealed significant differences on all stimuli (all
p-valuesb0.01) except on s5 (t(65)b1). Nevertheless, Dutch participants
showed sensitivity to the difference between the continuum-extreme
stimuli (average log odds of “æ” responses for s1 and s2 compared to
s6 and s7: t(54)=7.51, pb0.001). Not surprisingly, English participants
Fig. 3. Proportion of correct responses as a function of language group for the different
stimulus types in the lexical decision task. Bars depict standard deviations.
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21.45, pb0.001). The factor “Duration” was also significant (F(1,65)=
7.69; pb0.01) and did not interact with any other factor. Participants
gave more æ-responses when the tokens had the prototypical duration
of the English vowel /æ/ when compared to the tokens with the proto-
typical duration of the English vowel /ε/.
To assess individual differences in non-native language perception,
a performance score was calculated for each participant following
Sebastián-Gallés and Baus (2005). The categorization score was com-
puted by averaging the log odds of æ-responses for the continuum
steps 1 and 2, on the one hand, and for the continuum steps 6 and 7,
on the other, pooling over the two durations. The average log odds of
steps 1 and 2 was subtracted from the average of steps 6 and 7. Note
that this score can be interpreted as a perceptual distance between
the endpoints in terms of signal detection theory (d', Macmillan &
Creelman, 1991). High positive scores reflect a good separation of /ε/
and /æ/. Scores close to zero reflect that participants did not respond
differently to steps 1 and 2 than to steps 6 and 7, while negative scores
indicate that participants' responses showed a reverse pattern. The re-
sults showed a great variability among participants (Fig. 2). In order
to evaluate individual L2 performance, native-like performance based
on the scores of the group of English native listeners was established.
In previous studies, the native performance range was calculated by
subtracting two or three standard deviations from the natives’ mean
(Flege, MacKay et al., 1999; Munro et al., 1996; Sebastián-Gallés & Baus,
2005). In the present study, as in Sebastián-Gallés and Baus (2005),
given the difficulty of the tasks for non-native participants, it was decided
to use three standard deviations below thenatives’mean. This calculation
yielded a cut-off point of 2.76 (natives' mean: 5.36, sd=0.86). Twenty-
four Dutch participants (43.63% of the total population) scored above
this value.
3.2. Task 2: lexical decision task
Prior to analysis of the responses for the lexical decision task, outlier
items were determined based on the results of the English native lis-
teners by subtracting three standard deviations (0.21) from the mean
of the natives’ proportion of correct responses (0.88, note that this
value is comparable to other studieswith similar phoneticmanipulations
in lexical decision tasks: Sebastián-Gallés et al., 2005; Broersma & Cutler,
2008, 2011; Cutler & Broersma, 2005). This calculation yielded a value of
0.24. One filler nonword, two æ-nonwords and three ε-nonwords did
not reach that value of correct responses and, therefore, they and also
their word counterparts were not included in subsequent analyses. First,
proportions of correct responses to filler items (i.e., control)were submit-
ted to analysis (see Fig. 3). An ANOVA including the factors “Lexicality”Fig. 2. Individual scores of Dutch and English participants in the categorization task.
The slashed-dotted line represents the native threshold (3 sd below mean of native
scores).(word and non-word) and “Language group” (Dutch and English)
showed differences between the groups of participants (F1(1,65)=10.99,
pb0.001; F2(1,133)=92.78, pb0.001). English participantsweremore ac-
curate than Dutch participants in judging the lexical status of the filler
items (English: 0.92, Dutch: 0.79). Neither the factor “Lexicality” nor
the interaction between the two factors was significant (all F>1). Im-
portantly, Dutch participants’ responses were above chance level (0.5)
for both filler words (t(54)=13.18, pb0.001) and filler non-words
(t(54)=13.40, pb0.001).
Second, for the experimental items, Dutch participants accepted
the majority (70%) of the experimental non-words as real words
(see Fig. 3). Following previous studies (Sebastián-Gallés, Vera-Constan,
Larsson, Costa, &Deco, 2009; Sebastián-Gallés et al., 2005, 2006), accuracy
analyses were carried out by using the A' statistic. The A' statistic is a
non-parametric unbiased index of sensitivity with 0.5 corresponding
to chance performance and 1.0 to perfect discrimination (McNichol,
1972)—in this case of experimental words and non-words. Table 1
shows mean A' scores for each language group.
Separate repeated-measures ANOVAs by subjects and by items
were carried out on A' scores with the factors “Stimulus type” (æ-type
and ε-type) and “Language group” (Dutch and English). The analyses
revealed significant differences between the two groups of participants
(F1(1,65)=72.89, pb0.001; F2(1,25)=47.16, pb0.001). Again, Dutch per-
formance was poor compared to the native English listeners (see
Table 2). The “Stimulus type” factor was also significant (F1(1,65)=
5.52, p>0.05; F2(1,25)=26.34, p>0.001), revealing higher accuracy in
responses to æ-type than to ε-type items (see Table 1). The interaction
between the two factors did not reach significance (both F1 and F2b1).
To evaluate individual performance, each Dutch and English parti-
cipant's A' scores for æ-type and ε-type stimuli were considered (see
Fig. 4). Again, the pattern of native performance was calculated based
on the scores of English listeners. A cut-off point of three standard de-
viations below the mean (see Table 1) was calculated for each stimulus
type. This calculation yielded an A' value of 0.80 for the æ-type stimuli
and of 0.71 for the ε-type stimuli. When taking into account the partic-
ipants’ performance for the two vowels, only seven Dutch listeners
(12.72% of the participants) scored within the native range for both
stimulus types.Table 1
Mean A' for each group of participants and each stimulus type in the lexical decision
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Participants responded to almost all of the trials in the word iden-
tification task. Missing responses (0.49%) were considered incorrect
responses. Items were discarded from statistical analysis if the rate of
correct identification by the native English listeners was three standard
deviations (0.17) below the mean (0.91). From the 102 items, four æ-
words (alimentary, expand, marry, cattle) were discarded. No ε-words
were discarded, except those whose /æ/ counterparts scored below
the limit described above. These itemswere excluded from the analyses
for both groups of participants. Table 1 shows the percentage of correct
responses for each group and word type.
For statistical comparisons, the proportion of correct responses
was transformed to log odds1 (Dixon, 2008; Jaeger, 2008). Separate
ANOVAs by subjects (F1) and items (F2)were carried outwith the factors
“Word type” (æ-word and ε-word) and “Language group” (Dutch and
English). As shown in Fig. 5, English listeners performed the task more
accurately than Dutch listeners (F1(1,65)=126.10, pb0.001; F2(1,92)=
368.24, pb0.001). In addition, there was a main effect of the factor
“Word type” (F1(1,65)=109.34, pb0.001; F2(1,92)=93.05, pb0.001);
ε-words were better identified than æ-words. Moreover, there was a
significant interaction between the factors “Word type” and “Language
group” (F1(1,65)=10.26, pb0.05; F2(1,92)=6.66, pb0.05). Post-hoc
comparisons showed that both groups of participants (i) performed
more accurately on ε-words than on æ-words (Dutch: t(54)=9.11,
pb0.001, English: t(11)=6.00, pb0.001) and (ii) differed from one
another in identifying both ε- and æ-words (t(65)=10.05, pb0.001
and t(65)=7.83, pb0.001 respectively). The interaction between the
factors “Word type” and “Language group” can hence be attributed to
the stronger asymmetric pattern for English than for Dutch participants
in the identification of each word type (Fig. 5)2.
Individual performance was evaluated by averaging the log odds of
correct responses, for eachword type separately. Again, the performance
pattern of Dutch participants was characterized by great variability (see
Fig. 6). The native range for each word type was determined by sub-
tracting three standard deviations from the mean. For the æ-words
(mean: 2.30, sd: 1.03), the cut-off point was −0.78. For the ε-words
(mean: 4.40, sd: 0.34), the native threshold was established at 3.36. All
Dutch participants performed the task within the native range for the
æ-words. From the 55 Dutch participants, 5 (9.09%) performed the task
within the native range for the ε-words as well.
4. Discussion
We tested how well Dutch late L2 learners of English perceive and
make use of the English contrast between the vowels /æ/ and /ε/1 Log odds=ln[p/1−p)], p represents percentage of correct responses and ln repre-
sents natural log.
2 It is important to note that this data set shows the importance of logistic transfor-
mation of identification results in data analysis (Dixon, 2008). In the raw percentage
data, the bias towards /ε/ responses seems stronger in the Dutch L2 group (87%–
61%=26%, see Table 1) than in the English L1 group (99%–80%=19%). Given their
higher accuracy, however, the English group could clearly not have produced the same
/ε/-bias as the Dutch group: with 80% correct on /æ/-trials, they would have to produce
106% correct responses on /ε/-trials. Conceptually, the English group seems to indeed
have the stronger bias. There were hardly any trials in which an /ε/-word was mistaken
as an /æ/-word; in fact only three English participants did not have 100% correct re-
sponses on the /ε/-trials (see Fig. 4). The logistically transformed data set captures this,
and shows a stronger bias toward /ε/ for the English participants.across three tasks: a categorization task, a lexical decision task, and
a word identification task. In all tasks, Dutch listeners’ performance
was below that of English native listeners and was characterized by
high variability.
For the categorization task, Dutch listeners (as a group) did not
categorize the stimuli as accurately as the native English listener group
did, as shown by the Dutch listeners’ shallower categorization curves
(Fig. 1). This result confirms the difficulties that Dutch listeners experi-
ence in perceiving the English contrast /æ/-/ε/ (Schouten, 1975). None-
theless, Dutch participants were sensitive to the phonetic differences
between the unambiguous stimuli (s1–s2 and s6–s7). Interestingly,
Dutch listeners (as well as native listeners) exploited both frequency
and duration cues for categorizing the stimuli. Previous findings have
shown that Dutch listeners use vowel duration as a cue to categorize
final fricative voicing in English (Broersma, 2008, 2010). The present
data extends previous findings by showing that Dutch listeners exploit
duration cues also during discriminating difficult non-native vowel con-
trasts, as /æ/-/ε/. For the lexical decision task, Dutch participants per-
formed poorly compared to native English listeners. Nevertheless,
Dutch participants demonstrated a fairly good lexical knowledge, as
assessed by their performance on the filler stimuli. For the word identi-
fication task, Dutch participants were less accurate than the native
English listeners in identifying words with the respective vowel sounds.
In addition, the results of the two tasks involving lexical access,
lexical decision and word identification tasks, were both character-
ized by asymmetric patterns of performance for both Dutch and
English listeners. For the lexical decision task, participants performed
better on the æ-type stimuli than on the ε-type stimuli: the non-
words with /ε/ embedded (as in the æ-non-word “lemp”), were less
times misidentified as real English words than the non-words with /æ/
(as in the ε-non-word “dask”). For the word identification task, partic-
ipants showed a better identification rate of words containing the
phoneme /ε/ than of words containing /æ/ suggesting that ε-words
tend to win the lexical competition process from minimally different
æ-words. Thus, in this task, hearing either 'cattle' or ‘kettle’ led rela-
tively often to a 'kettle' interpretation. The asymmetries observed in
both tasks indicate thatwords containing the English vowel /ε/ are rel-
atively strongly activated during lexical retrieval. This suggests that
the asymmetry occurs at later stages of lexical processing.
The same asymmetry in lexical access of English words containing
either the vowel /æ/ or /ε/ has been reported previously for both
Dutch listeners (Escudero, Hayes-Harb, & Mitterer, 2008; Weber &
Cutler, 2004) and native English listeners (Broersma, 2005b). Weber
and Cutler (2004) proposed that the existence of a nativeDutch category
/ε/ (similar to the English vowel /ε/) prevents Dutch listeners frommis-
identifying this vowel as the L2 category /æ/. However, the L2 category
/æ/ has no homologue category in the participants’ L1 and, therefore,
it is easily misidentified as an /ε/. This claim is supported by Cutler,
Weber, and Otake (2006), who found the same asymmetric pattern
in the lexical access of Japanese listeners for English words involving
the contrast /r/-/l/. In this study, distractors caused less interference
for Japanese listeners (as assessed by eye monitoring) in the recogni-
tion of target pictures that contained the L2 category /l/ (which has
a homologous category in Japanese) than in the recognition of target
pictures that contained an /r/. In addition, asymmetries in native lan-
guage processing are frequent (Polka & Bohn, 2003). We propose that
the asymmetry found here may be due to the higher frequency of /ε/
than of /æ/ in English: /æ/ is less frequent in English and it does not
exist in the Dutch vowel repertoire. According to CELEX (Baayen et
al., 1995), the mean lemma frequency of words containing /ε/ is higher
than that of words containing /æ/ (0.34 vs. 0.26), while the number
of words is similar (namely 14,006 vs. 14,230). This asymmetry in the
lexical frequency of the vowels is therefore mirror by the perceptual
system. Yet, a potential contribution of the speaker's idiosyncratic pro-
nunciation of /æ/ and /ε/ cannot be completely ruled out. However, it
has to be noted that in the categorization task, no asymmetry was
Fig. 4. Individual scores for Dutch and English participants in the lexical decision task. The slashed-dotted line represents the native threshold.
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Broersma, 2005a, results). Thus, in the absence of lexical information,
participants do not perform differently across these phonemes.
As for the issue of individual differences, Dutch participants varied
widely in their performance in each task. Table 3 shows the percent-
age of Dutch participants for each task whose scores fell within the
range of 3 standard deviations below the native English listeners’
average3, a generous interpretation of “nativelike” performance on
English. For the categorization task, only 43.63% of the participants
categorized the stimuli within the range of native listeners. This is a
relatively low percentage as compared with the results obtained by
Sebastián-Gallés and Baus (2005), who tested early Spanish-Catalan
bilinguals in a categorization task, a gating task and a lexical decision
task. In that study, approximately 68% of Spanish-Catalan bilinguals
fell within the range of Catalan-natives in a categorization task, a per-
centage clearly above the present one. For the lexical decision task,
the evaluation of individual performance again revealed a large vari-
ability in the non-native group ranging from chance (0.5) to native-
like level, although few participants (12.72%) performed within the
native range. This is similar to the range observed in Sebastián-Gallés
and Baus (2005) study, therefore confirming the difficulty of this task
for non-native listeners. For the word identification task, only a small
percentage of Dutch participants succeeded in identifying the words
in the accuracy range of the native listeners (9.09%). As this task was
not employed in Sebastián-Gallés and Baus (2005) study, no similar re-
sults are available for comparison.
When comparing Dutch participants’ performance across the
three tasks, different patterns are observed. Table 4 displays the
native-like pattern distributions across the three tasks. Almost half
of the Dutch listeners (47.27%) failed to perform within the native
range in any of the three tasks. A third of the participants (32.72%)
was able to categorize the synthesized stimuli of the /æ/-/ε/ continuum
within the native listeners’ range, but did notmanage to performwithin
the native listeners’ range in either of the lexical tasks. Few Dutch par-
ticipants scored within the native range in two of the three tasks
(10.9%), and not a single Dutch listener performedwithin the native lis-
teners’ range in all three tasks. These results closely resemble those3 There were nomajor differences in the performance of the native listeners depending
on whether they were tested in England or abroad. In a repeated measures ANOVA with
the factors “Task” (categorization,word identification, and lexical decision tasks), “Vowel”
(æ and ε), and “Group” (living in England and living in a non-English speaking country)
only the interaction “Group” ×“Task” was significant (F(2,20)=5.82), p=0.01). Never-
theless, post-hoc two-sample t-tests only revealed a marginal difference between the
two groups for the lexical decision task on ε-words (t(10)=2.18, p=0.054, for all other
comparisons p>0.1). In addition, no one of the participants tested at their own home,
and, therefore, in potentially less favorable listening conditions, systematically performed
the tasks at a lower level than the other participants.reported by Sebastián-Gallés and Baus (2005). The results of Sebastián-
Gallés and Baus (2005) showed a monotonic decrease in non-native
performance across the three tasks as the task relied more strongly on
lexical representations. A high percentage of participants (68.3%) per-
formed the categorization task within the range of a native group. The
gating task showed an intermediate level of native-like performance
(46.6%). Finally, the percentage dramatically decreased for the lexical
decision task (18.3%). Our current main objective was to investigate
whether a similar pattern of results can be obtained with later-onset
bilinguals than those who participated in the study of Sebastián-Gallés
and Baus (2005). Even though the overall level of performance by the
bilinguals in that study was higher than in the current one, there was
a similar trend over three different tasks which evaluated the phono-
logical processing of a difficult L2 contrast; that is, high competence
of the non-native listeners in the categorization task, which decreased
in the lexical decision task and the word identification task. Thus, late
bilinguals’ L2 perception seems to be constrained by task demands in
a similar way as that of early bilinguals.
The close resemblance of the two data sets suggests that the pat-
tern of good performance on phonetic tasks and worse performance
on lexical tasks may be the general pattern for a wide variety of L2
learners. Indeed, a similar experimental strategy was used to explore
the learning of suprasegment knowledge (the perception of stress
patterns) in late French-Spanish bilinguals by Dupoux, Sebastián-Gallés,
Navarrete, and Peperkamp (2008). In that study, the performance of
late French-Spanish bilinguals also showed that all late bilinguals had
great difficulties in the use of stress to access the lexicon. The convergent
pattern of individual performance on L2 tasks in the present and previous
L2 studies (i.e., L2 listener's higher accuracy on acoustic-phonetic analysis
tasks than on tasks involving lexical processes) is consistentwith the pro-
cessing hierarchy proposed by several models of speech perceptionFig. 5. Log odds of mean correct identifications in the word identification task for each
word type for Dutch and English speakers. Bars depict standard errors.
Fig. 6. Individual scores of Dutch and English participants for æ- and ε-words in the word identification task. The slashed-dotted line represents the native threshold.
Table 4
Native-like performance distributions of Dutch speakers across the three tasks. The dif-
ferent performance patterns that could be potentially observed are displayed (crosses
represent failure to achieve nativelike performance, and checkmarks represent native-
like performance) and the actual percentage of L2 listeners whose performance follows
the given pattern.
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others). According to these models speech perception is carried out in
separate and hierarchical stages: Initially phonemes are analyzed, the
resulting outcome of phoneme analysis is then used to select the
corresponding lexical entries, and based on the selected lexical forms
the semantic and syntactic relations are analyzed to extract the linguis-
tic meaning of the speech signal. The fact that non-native speech pro-
cessing is differentially constrained at the different processing stages
studied here (phonology and lexicon) suggests that the architecture of
L2 perceptual processes, even in late L2 acquisition, is organized in a
similar manner as native language perception processes.
In the Sebastián-Gallés and Baus (2005) study, 12% of the bilingual
listeners consistently showed native-like performance across the three
tasks; in thepresent study,wewere unable to identify any such bilingual
listener. This difference may have several potential sources. Whereas
Sebastián-Gallés and Baus (2005) tested early bilinguals, our partici-
pants started L2 acquisition later in life (at 11 years of age, on average).
Whereas their participants grew up in a bilingual society, ours lived in
a monolingual society, although at the moment of the testing, the par-
ticipants had significant exposure to the second language. The different
results might also be due to the different tasks employed, as well as the
materials and their unique acoustic-phonetic properties. Indeed, the
gating task employed by Sebastián-Gallés and Baus (2005) was here
replaced by a word identification task, heavily depending on the exis-
tence of appropriate lexical representations. This task proved to be
even more difficult to perform than the lexical decision task. Finally,
different non-native vowel contrasts andbilingual populations fromdif-
ferent languages were tested in the present study (/æ/-/ε/ in Dutch-
English bilingual) versus the Sebastián-Gallés and Baus (2005) study
(/ε/-/e/ in Spanish-Catalan bilinguals). In spite of these relatively minor
differences, there are important similarities between both studies. In
particular, in spite of differences in testing conditions between the cur-
rent study and Sebastián-Gallés and Baus (2005), native performance
was very high in both cases. This result clearly indicates the robustness
of native listening, as long as participants are tested in relatively quiet
conditions.
The current study replicates the finding by Sebastián-Gallés and
Baus (2005) that the performance of the bilinguals decreased in com-
parison to the native listeners as the tasks had greater lexical involve-
ment. The current study is nevertheless more than a mere replication,Table 3
Percentage of Dutch speakers who scored within the range of English native listeners
for each perception task.
Categorization Lexical decision Word identification
43.63% 12.72% 9.09%as the same result was obtained with a group of late(r) bilinguals.
There are two ways to explain this apparently quite general decrease
in performance over tasks. First, it may simply be the case that the
lexical decision and the word identification tasks are more taxing:
They employ natural speech, which is physically highly variable even
within listeners, and the critical vowels were presented together with
other speech sounds. Therefore, the complexity of these tasks would
better reveal the difficulties of L2 learners in comparison to native lis-
teners. However, if the difficulty of the task was the cause of the differ-
ent proficiency levels, one would also expect a higher percentage of
Dutch listeners performing within the native range in the word identi-
fication task as compared to the lexical decision task. In terms of diffi-
culty, the word identification task is easier than the lexical decision
task because participants are presented with the orthographic form of
the words before the auditory word is presented. The spelling out of
the two potential candidate words in the word identification task made
participants aware of the experimental manipulation and allowed partic-
ipants to determine at exactly what point within each word the target
speech sound would appear.
Second, it may be the case, as we argued in Introduction, that
there are different phonological processes (Pisoni & Luce, 1987). We
evaluated this question in two ways. First of all, we tested whether
the performance on the different tasks correlated (see Table 5). The
results seem to show that pre-lexical and lexical phonological pro-
cessing are separable. The two “extreme” tasks, the categorization and
the lexical decision tasks, one tapping pre-lexical and the other lexical
processing respectively, do not correlate with each other at all. The
word identification task seems to be intermediate between lexical and
pre-lexical phonological processing, as performance on this task corre-
lates with the performance on both the categorization and the lexical
decision tasks (see Table 5). This intermediate position is supported
by an analysis of this task: Just as in the categorization task, participantsCategorization Lexical decision Word identification % of participants
✘ ✘ ✘ 47.27%
✓ ✘ ✘ 32.72%
✘ ✓ ✘ 5.45%
✘ ✘ ✓ 1.81%
✓ ✓ ✘ 5.45%
✓ ✘ ✓ 5.45%
✘ ✓ ✓ 1.81%
✓ ✓ ✓ 0%
Table 5
Correlations between the tasks for the Dutch and English speakers. For the word iden-
tification and the lexical decision tasks, participants’ responses were averaged for the
two different stimulus types (/ε/ and /æ/ sets). Statistical significant correlations are in-
dicated by asterisk (*=pb0.05, **=pb0.001).





Word identification Dutch: r=0.27*
English: r=0.38
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lexical items, it requires the involvement of lexical processing, which
then leads to the bias towards /ε/ also observed for the lexical decision
task (see below for a discussion of this asymmetry). A second possibility
to approach the issue of separable phonological skills is to investigate
howmanybilinguals performedwithin and belownative-listener limits
on the different tasks. If the lexical decision taskwere simply amore dif-
ficult task than the categorization task, all participants who performed
well on the former should also perform well on the latter. This was,
however, not the case. Of the about 12% of bilinguals who performed
within the native listener limits for the lexical decision task, less than
half also performed well on the categorization task. This pattern of per-
formance suggests that it is indeed possible to distinguish phonological
processing at the pre-lexical versus lexical levels.
A relevant question is why fewer late bilinguals manage to score
within the performance range of native listeners in the word identifi-
cation task than in the lexical decision task. In the word identification
task, participants were presented with the orthographic form of the
words before the auditorywordwas presented and they could anticipate
the exact temporal point at exactly the target speech sound would ap-
pear. However, the presentation of the written words seems not to de-
crease the difficulty implied in lexical tasks. One potential reason is that
lexical competition in the word identification task was maximal be-
cause participants had to choose one of two words (whereas in the
lexical decision task the words competed with non-words). In addition,
in the word identification task, the maximum competitor word of the
heard word was written on the screen. This could increase the lexical
activation for the competitor and, consequently, make difficult the
correct selection of the lexical entry corresponding to the heard word.
The present study shows large variability between late bilinguals
in their mastery of the L2 phonology. What is the origin of these indi-
vidual differences? A previous study on early bilinguals has shown
that exceptionally good and poor perceivers of an L2 phonological
contrast differed in their discrimination of a native phonological con-
trast: The good perceivers showed a more accurate discrimination of
the native phonemes (Díaz et al., 2008). This previous finding indi-
cates that, when relevant factors as L2 age of acquisition or exposure
are similar, individual differences in L2 proficiency are caused by a
general language mechanism. Yet, no previous study has compared
native phonological discrimination in late bilinguals who, as in Díaz
et al. (2008), maximally differ in their L2 phonological capabilities.
This is the first study to systematically evaluate the mastery of a
difficult L2 contrast in late bilinguals. We have provided evidence of
i) strong individual variability in the mastery of an L2 that cannot
be explained by factors such as age of acquisition or general language
environment, and ii) distinct proficiency levels as a function of the
phonological processes involved in the task. These results imply that
language teaching programs, regardless of the age of the students,
must adapt to the students’ learning pace and that successful phonetic
training must cover a wide range of phonological tasks.
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